In this study, we investigated the use of an IMU-based head joystick for controlling a robotic arm 78 to perform high-DOF functional tasks. In a child with congenital absence of all four limbs, we 79 examined the child's ability to perform two tasks related to activities of daily living -(i) picking 80 up a cup and drinking using a straw, and (ii) manipulating objects placed on a table. We show that 81 the child can use the head-joystick to successfully perform these complex tasks and improve over 82 time to a level that is comparable to that of an unimpaired individual using a manual joystick. He controlled the robot with its accompanying manual joystick. He had no prior experience 96 interacting with the system or observing its use. 97 All participants provided informed consent or assent (including parental consent in case of child) 98 and experimental protocols were approved by the IRB at Michigan State University. 1, is anthropomorphic with 2 DOFs at the shoulder, 1 DOF at the elbow, 3 DOFs at the wrist, and 104 a 1 DOF gripper; specifications of the robot can be found at www.kinovarobotics.com.
106
Head-Joystick. For the child with congenital limb absence, the robotic arm was controlled via 107 signals generated by a wireless inertial measurement unit (IMU) (YEI Technologies Inc., Ohio) mounted IMU was used to control the robot arm, and switches (SW1, SW2, SW3) placed behind 121 the shoulder were used for control of the grasper and to toggle between different control modes.
122
(b) Interface for control participant using the manual joystick. (c) Initial layout of drinking task.
123
Participants had to use the robot arm to grasp the cup and bring it to the mouth. (d) Initial layout 124 of stacking task. Participants had to use the robot arm to stack the five blocks on top of each 125 other in order of decreasing size with the biggest block at the base. SW2 and SW3 were used to close and open the grasper. The truth table shows how   140 pressing and releasing each button on and off causes the grasper to react.
141
Switches: In addition to the two IMUs, there were three switches. The first switch (SW1) enabled 142 toggling between position control of the end-effector, orientation control of the end-effector (both 143 using the head-joystick), and a no-movement mode. SW1 was a small button-type off-the-shelf We used two tasks that mimicked activities of daily living to assess the participants' ability to 211 control all 7 DOFs of the robotic arm: a drinking task and a stacking task.
212
Drinking task 213 The first task involved drinking from a cup. The participant was required, as quickly as possible, 214 to reach for and grasp a cup containing liquid, bring the cup towards the mouth, and drink from it 215 using a straw. The paper cup was semi-rigid: it provided enough resistance to be firmly grasped The second task involved stacking five cube-shaped blocks of decreasing size (see Table 1 ), each The blocks were placed directly across the table from the participant in five orientations not 233 matching the target orientation -see Fig 1d. The first block had its opening facing upwards; the 234 second block had its opening facing away from the participant; the third block had its opening 235 facing towards from the participant; the fourth block had its opening facing to the right of the 236 participant; the fifth block had its opening facing to the left of the participant. These starting 237 positions were standardized throughout trials. Each block required a different approach strategy 238 and subsequent placement strategy. Indeed, this task was more difficult than the drinking task. Child with congenital limb absence: 242 We made nine visits to the school of the main participant for testing him over a period of 2 243 months. Visits were during the participant's free period and were not evenly spaced as they were 244 subject to scheduling availability such as school breaks and exams. Each session was no longer 245 than 60 minutes as constrained by the participant's class schedule. He performed a total of 19 246 drinking task trials and 11 stacking task trials over the course of all the sessions. The number of 247 trials during each session was variable and dependent on the tasks performed: a stacking task 248 generally took longer than the drinking task. For both participants, the study was concluded 249 when their performance plateaued on each task. showing the amount and distribution of practice across days. For the main participant there were 287 a total of 19 trials on the drinking task and 11 trials on the stacking task. For the control 288 participant, there were a total of 11 trials on the drinking task and 8 trials on the stacking task.
289
Data Analysis
290
Task completion. Task completion was measured by the number of successful trials at the task.
291
For the stacking task, trials were considered incomplete if the participant was not able to finish 292 stacking all five blocks. However, we still report the characteristics of these incomplete trials in 293 the data analysis as they potentially reflect exploration and learning strategies. The goal of this study was to examine the use of an IMU-based head-joystick for controlling a 351 robotic arm to perform high-DOF functional tasks. We showed that a child with congenital limb 352 absence was able to successfully use the head-joystick to perform two complex functional tasks. but here we found an effect of task complexity: in the simpler drinking task, the performance of 360 the child was about 40% slower than the control, whereas in the more complex stacking task, this 361 difference shrunk to about 20%. A likely explanation for this is that even though the control 362 algorithms were identical in both cases, in the simpler drinking task, where the robot could travel 363 with higher velocity, the manual joystick had an advantage because the user could simply push the 364 joystick instantaneously to the end of its range of motion and maintain it in that spot without 365 discomfort. In contrast, such rapid movements would have been difficult using the head. One 366 alternative could have been to increase the gain on the head joystick, but this would have likely 367 compromised fine control required in more complex tasks. However, in the more complex stacking 368 task, where movement speed was not the limiting factor in performance, the head-joystick was 369 almost on par with the manual joystick. One of our primary goals was to provide greater independence for the child in activities of daily 388 living. To this end, we designed the two tasks to not only involve control of high DOFs, but also 389 resemble activities that are frequently needed in both the home and school environments. The 390 drinking task required the child to position the robot end-effector near the cup, grasp the cup, and 391 position and orient the cup near his mouth so that he could drink comfortably using the straw. The Our work also extends prior work on using head gestures to control a robot [18] . In that study, 403 adult participants (able-bodied adults and tetraplegics) used a similar head-mounted IMU to 404 control a 7 DOF robotic arm to accomplish pick and place tasks, but focused only on a single 405 session of practice. Although conducted as a case study, our results add to these prior findings by 406 demonstrating that (i) these interfaces are well-suited for children, and (ii) the improvement in 407 performance over multiple practice sessions is substantial (up to 40-50% reduction in movement 408 times) and comparable to manual joystick performance.
410
In terms of further improvements to our design, we wish to highlight two issues. First, a limitation 411 of our approach is that the 'burden of learning' is all on the user. This may be especially In conclusion, we showed that for a child with congenital limb absence, a head-joystick is a viable 422 means for controlling a robot arm to perform complex tasks of daily living. Developing efficient, 423 non-invasive techniques with intuitive control of high DOFs, and quantifying their performance in 424 a larger sample is a key challenge that needs to be addressed in future studies. 
